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1. INTRODUCTION

Work over the past 12 months concentrated on further

characterization of the effects of the actuator (pitching airfoil) on

the shear layer structure and growth under open loop forcing. We also

conducted a separate investigation into the structure of the wake of an

oscillating airfoil in a steady, uniform free stream. This separate

study was motivated by the wealth of interesting new phenomena we had

observed in this flow, see our 1985 Annual Progress Report. Results are .-.

described below.

2. SHEAR LAYER FORCING

The flow visualization pictures presented in our 1985 Annual

Progress Report showed that the interaction between the pitching airfoil

and the shear layer could lead to large changes in the shear layer

growth. We have studied this interaction further by looking at the

effects of forcing on the regions both downstream and upstream of the

airfoil over a wide range of airfoil oscillation frequencies, f. The

flow geometry for the results described here is shown in figure 1. The

velocity of the high-speed stream was set to U1 = 24 cm/sec, 0

corresponding to a low-speed stream velocity of U 2 - 12 cm/sec. The

shear layer natural instability frequency at the splitter plate was

estimated based on photographs to be approximately f, - 7.5 Hz under

these conditions.

Figure 2 shows the effect of the pitching airfoil on the shear

layer in the region downstream of the airfoil. In comparing with the

natural layer, it can be seen that the presence of the non-oscillating U'

airfoil in the shear layer has very little effect on the shear layer

growth rate. When the forcing frequency is small (f/fo << 1), the layer

growth rate is substantially increased as can be seen for the case

f - 0.25 Hz. The region of the flow that shows increased growth rate

moves upstream as the forcing frequency goes up. For example, in the
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cases of f = 4 and 6 Hz (f/f = 0.53, 0.80 respectively) in figure 2,

the part of the shear layer that is mostly affected has moved upstream

of the airfoil as shown in figure 3. At these relatively high forcing

frequencies, the layer growth rate, see figure 2, seems to be slightly

lower than the natural case.

The portion of the shear layer upstream of the airfoil

corresponding to the conditions in figure 2 is shown in figure 3. Note

that the presence of the non-oscillating airfoil does not seem to alter

the layer compared to the natural case. The same can be said about the

cases with low-frequency forcing. At higher oscillation frequencies,

for example f - 4 and 6 Hz in figure 3, control over the structure and

growth rate in the upstream part of the layer can be exercised. In

fact, many of the features documented in forced mixing layers (e.g. Ho

& Huerre 1984) have also been observed here. We believe, however, that

this is the first time the use of localized upstream forcing for mixing

layer modification is reported. This is to be contrasted with previous

methods of acoustical forcing (e.g. Zaman & Hussain 1982) or

oscillating one or both free-stream velocities (Ho & Huang 1982 and

Roberts & Roshko 1985).

The overall indication is that the frequency of the airfoil for

which the largest effects are observed at a given station seems to

correspond to the local vortex passage frequency of the natural layer at

that station. In both cases of upstream and downstream forcing, the

passing frequency of the large vortices that are finally formed is the

same as the forcing frequency. In other words, if k is the vortex

spacing, Uc - 0.5(U,+U,) the convection speed and f the forcing

frequency, we obtain f t/ Uc - 1. While there are some general

similarities between these results and the previous work of Oster &

Wygnanski (1982), we believe that the effects observed here are larger.

Under low-frequency excitation, a layer growth rate increase of up to a

factor of two over the natural case has been reported. In our data of

figure 2, the growth rate in the case of f = 0.25 Hz is estimated to be

3..
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2.3 times that of the natural case. By increasing the forcing amplitude

(airfoil pitch amplitude), higher values of growth rate of up to 2.6

times the natural growth rate seem to be possible, see figure 4. In

this figure, it can be seen that the size of the structures has become

comparable to the channel height. It is quite possible that the finite

size of the channel may be restricting the growth of the structures to

even larger sizes.

In order to get an estimate of the effect of the finite channel e_

height on the shear layer growth rate, the linear inviscid stability

analysis described in our research progress and forecast report 1984 was . .

extended to include the finite channel boundary conditions. Using the

linear inviscid stability approach for this purpose was motivated by the

work of Oster & Wygnanski (1982) and Gaster et al. (1985) suggesting

that the large structure behavior in the turbulent mixing layer may be

described in part by an inviscid linear instability. A hyperbolic

tangent velocity profile was used to calculate the wave-number, the

amplification rate and the frequency of the most amplified disturbance

as a function of channel height. In the results shown in figure 5, 5

is the layer vorticity thickness and 2H is the channel height. Since

the visual thickness 6vis of the shear layer is approximately 2 6w, the

horizontal axis in figure 5 is equivalent to the ratio of the layer

visual thickness to the channel height 8vis/ 2H. All the instability

quantities are normalized by the corresponding values when the walls are

at infinity. From the curve of the amplification rate as a function of

the channel height in figure 5, we estimate that as a result of the

finite channel size the growth of the layer is reduced by about 20% in

the case of figure 4, the bottom photograph, where the large vortex has

filled roughly 70% of the channel height.

The results of this part of our effort have been submitted for

presentation at the AIAA 25th Aerospace Sciences Meeting in Reno,

Nevada, January 1987. -.V
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3. PITCHING AIRFOIL IN A UNIFORM FREE STREAM

We have continued the study of the vortical flow patterns in the A

wake of our pitching NACA 0012 airfoil, where we consider both ,\

and non-sinusoidal pitch waveforms. The main result has been

that a great deal of control can be exercised on the structure of the

wake of an airfoil in pitch oscillation. This is done by the control of ".

the frequency, amplitude and also the shape of the oscillation waveform

(see Koochesfahani 1985) which allows the modification of the wake

structure through manipulation of the strength (circulation) and spacing

of the vortices shed into the wake. At a given frequency, by simply

changing the shape of the waveform, it is possible to generate a variety

of complex vortex-vortex interactions. These interactions and the

resulting wake structure can be very sensitive to small changes in the

waveform shape. The strong dependence of the wake vortical patterns on

the initial conditions, we suspect, may be related to the chaotic

motions that occur when more than three vortices are present in the flow

(see Aref 1983). 1L.

In what follows, we report new results for the case of sinusoidal

pitch oscillations around the 1/4-chord point with the mean angle of

attack set to zero. The airfoil chord is C - 8 cm and the free-stream

velocity is U, = 15 cm/sec resulting in a chord Reynolds number of

12,000 and a reduced frequency of k- 21rfC/2U. = 1.67 (f/Hz). The

oscillation frequency, f, and amplitude, A, are independently controlled

through a closed-loop feedback servo system (see our 1985 Annual L
Report).

The sequence of pictures in figure 6 is a summary of the wake flow

patterns when the oscillation amplitude is A = 4 degrees (i.e. the

angle of attack varies between -4 and +4 degrees). Particular attention

is drawn to the vortex patterns for frequencies larger than f = 3.0 Hz.

In these cases, the vortex with a positive (counter-clockwise)

circulation is located on top and the one with negative circulation on

the bottom. This arrangement is opposite that of a typical Karman

5
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vortex street observed in wakes and, in fact, this pattern corresponds

to a two-dimensional "jet". In order to confirm this, a laser-Doppler

(LDV) survey of the velocity field in the wake of the airfoil at a- '.

downstream station of X/C - 1 is shown in figure 7. It can be seen that

the usual wake profile with a velocity deficit (i.e. case of airfoil

with drag) can be transformed into a wake with excess momentum (no

longer a wake but actually a jet, i.e. an airfoil with thrust) above aa,.

certain oscillation frequency. It is interesting to note that there

exists a frequency (figure 7, f - 4.0 Hz) at which the wake has no

deficit (momentumless wake, i.e. an airfoil with no drag). This

condition corresponds to when the alternating vortices are positioned

exactly on a straight line.

Another interesting feature has been the discovery of an axial flow
along the cores of the wake vortices, see figure 8. The four dye

streaks in this plan view of the wake are placed roughly symmetrically

with respect to the water channel centerline and are approximately one

chord length apart. The magnitude of the axial flow appears to depend

on both the frequency and amplitude of oscillation and is believed to be

tied directly to the vortex circulation. For example, figure 8 shows

the increase of the axial velocity when the frequency is increased as

manifested by the shortening of the distance downstream of the airfoil
trailing edge where the axial flow in the vortices reaches the channel

centerline. The dependence of this distance, denoted by L, on the

oscillation frequency was derived from plan view photographs and is

shown in figure 9. The nature of the vortex core axial flow is not very

well understood. The origin of this phenomenon may lie in the

interaction of a concentrated two-dimensional vortex with a bounding ..

wall (in this case, the water channel side walls). The preliminary

indications from our observations are that this may be a wave phenomenon

at the start, and connected with the recent theoretical work of Lundgren

& Ashurst (1985)

64

W ."~ ."'

6-. ..'- ;" " 'a'•", " " "-""."""." ". " - " " " "" " - . " ". ".. .". . . .• " " °. . . "



An estimate of the average axial celerity, W, along the vortex

cores is presented in figure 10. The values of W were calculated from.-, %-

the L/C data of figure 9 assuming a constant axial speed and a vortex

convection speed of Uc using the relation W/U c - 1.9/(L/C). In this

expression, L is the distance downstream of the airfoil trailing edge

where the axial flow in the vortices reaches the channel centerline. .

The constant 1.9 is a geometric factor resulting from the positions of

the dye streaks in the plan view pictures (e.g. see figure 8). For the -

range of parameters studied here, the vortex convection speed Uc varies

very little and is close to the free-stream speed U. so that W/Uc in

figure 10 is approximately equal to W/U.. The data in figure 10

indicate that the magnitude of the axial speed increases almost linearly

with the oscillation frequency. Comparing results at the same frequency

and two different oscillation amplitudes indicates a possible linear " -[. .".

dependance on the amplitude also. It should be noted that the magnitude

of the axial flow can be a sizable fraction of the free-stream velocity *'"'...

(WIU. 0.65). l..

Preliminary results of this part of our study were presented in the

38th annual meeting of the American Physical Society, Division of Fluid

Dynamics (APS/DFD) in Tucson, Arizona, November 24-26, 1985 (see

Koochesfahani 1985). A poster containing the flow visualization -- ,

pictures of this study was selected as a winning entry in the Third

Annual Picture Gallery Contest at this meeting. A more complete

description of our results has been submitted for presentation at the

AIAA 25th Aerospace Sciences Meeting in Reno, Nevada, January 1987.

.4. WORK IN PROGRESS

We have recently added a real-time 2-D digital imaging capability

to our data acquisition system. The motivation behind this development

is two-fold. First, because the dynamics of the plane mixing layer are

known to be dominated by large scale structures, input to the

7
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closed-loop feedback control algorithm containing real-time global field

information may be beneficial, if not essential. This information could

take the form of an appropriate flow visualization image of the part of

the shear layer being manipulated. Second, characterizing the many

different vortical patterns observed for the case of non-sinusoidal

pitch oscillation of the airfoil in uniform stream and their downstream

evolution can be facilitated using real-time digital images in

conjunction with image processing techniques.

At the present time, a Retlcon 100 x 100 image array is used to

acquire digital image data. The data acquisition system, shown in

figure 11, uses a high-speed A/D system (in-house design) to digitize

the output of the 2-D array to 8 bits in real-time and transfer the

resulting digital data to memory or high-speed disk. A sample of the

data obtained by this system is shown in figures 12 and 13. The data,

in this case, were digitized and transferred into memory at a rate of

800 kByte/sec corresponding to an array framing rate of 80 frame/sec.

Such high data rate capability has been realized by the recent

modifications of our data acquisition system by Dr. D. Lang. The

horizontal extent of the flow corresponds to 11.4 cm in figure 12 and

17.3 cm in figure 13 and the shear layer flow parameters are the same as

those described earlier in section 2. The jaggedness of the pictures is

mainly due to the simple one-level thresholding that was used so that

the data could be output on a plotter. Note that in figure 13 only one

out of every 8 frames of :ata is shown. Figures 12 and 13 show that

most of the dynamically important features of the flow can be resolved

in space and tracked in time under the current experimental conditions

In the investigations presently in progress, the LDV velocity data

such as figure 7 are obtained using a computer-controlled data IL

acquisition system. As shown schematically in figure 11, the Doppler

burst is processed by a Tracking Phase-Locked Loop (TPLL, in-house

design) whose output frequency is measured by a Real Time Clock card °

interfaced to the computer. We are now in the process of extending this

8
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single-channel system to a '4-channel system (made of' '4 TPLLs) to

accormnodate the multi-point velocity measurement capability needed for

the feedback phase of this work.
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Figure 2. Effect of the Pitchling Airfoil on the Shear Layer
Structure and Growthi in thie Regzion Downstream ofI
the Airfoil.
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f =0.50 Hz, A =2 deg.

f=4.0 Hz, A =2 deg.

f =6.0 Hz, A =2 deg.

Figure 2. Continued.
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